ABSTRACT Background: The role of n-6 (v-6) polyunsaturated fatty acids (PUFAs) in type 2 diabetes (T2D) is inconclusive. In addition, little is known about how factors involved in PUFA metabolism, such as zinc, may affect the associations. Objectives: We investigated the associations of serum n-6 PUFAs and activities of enzymes involved in PUFA metabolism, D5 desaturase (D5D) and D6 desaturase (D6D), with T2D risk to determine whether serum zinc concentrations could modify these associations. Design: The study included 2189 men from the prospective Kuopio Ischaemic Heart Disease Risk Factor Study, aged 42-60 y and free of T2D at baseline in 1984-1989. T2D was assessed by selfadministered questionnaires, by fasting and 2-h oral-glucose-tolerance test blood glucose measurement at re-examination rounds 4, 11, and 20 y after baseline, and by record linkage to the hospital discharge registry and the reimbursement register on diabetes medication expenses. Multivariate-adjusted Cox proportional hazards regression models were used to analyze associations. Results: During the average follow-up of 19.3 y, 417 men developed T2D. Those with higher estimated D5D activity (extreme-quartile HR: 0.55; 95% CI: 0.41, 0.74; P-trend , 0.001) and higher concentrations of total n-6 PUFAs (HR: 0.54; 95% CI: 0.41, 0.73; P-trend , 0.001), linoleic acid (LA; HR: 0.52; 95% CI: 0.39, 0.70; P-trend , 0.001), and arachidonic acid (AA; HR: 0.62; 95% CI: 0.46, 0.85; P-trend = 0.007) had a lower risk and those with higher concentrations of g-linolenic acid (GLA; HR: 1.28; 95% CI: 0.98, 1.68; P = 0.021) and dihomog-linolenic acid (DGLA; HR: 1.38; 95% CI: 1.04, 1.84; P-trend = 0.005) and higher D6D activity had a higher (HR: 1.50; 95% CI: 1.14, 1.97; P-trend , 0.001) multivariate-adjusted risk of T2D. Zinc mainly modified the association with GLA on T2D risk, with a higher risk observed among those with serum zinc concentrations above the median (P-interaction = 0.04). Conclusions: Higher serum total n-6 PUFA, LA, and AA concentrations and estimated D5D activity were associated with a lower risk of incident T2D, and higher GLA and DGLA concentrations and estimated D6D activity were associated with a higher risk. In addition, a higher serum zinc concentration modified the association of GLA on the risk of T2D.
INTRODUCTION
Type 2 diabetes (T2D) 5 is a major chronic disease and a leading cause of morbidity and mortality worldwide (1, 2) . In addition to genetic factors, aging, obesity, smoking, and physical inactivity, dietary factors may also have a significant role in the prevention or development of T2D. Among dietary factors, n-6 PUFAs may have the potential to prevent T2D because of the beneficial impact of the major n-6 PUFA, linoleic acid (LA; 18:2n-6), on insulin resistance (3) . LA, an essential fatty acid for humans, must be obtained from the diet; its primary sources are vegetable oils. In the body, LA is converted to other n-6 PUFAs, that is, g-linolenic acid (GLA; 18:3n-6), dihomog-linolenic acid (DGLA; 20:3n-6), and arachidonic acid (AA; 20:4n-6). These fatty acids can also be obtained from the diet in minor amounts, and AA is derived especially from animal products, but their concentrations in the body mainly reflect the endogenous formation from LA (4) . In the conversion process, 2 enzymes, D5 desaturase (D5D) and D6 desaturase (D6D), have a central role by adding double bonds to the PUFAs. These enzymes have been quite consistently associated with insulin resistance and T2D: D5D activity with a lower risk and D6D activity with a higher risk (5) . There is also fairly strong evidence for an inverse association between circulating LA and the risk of T2D, but the associations with the other n-6 PUFAs are less consistent (6) (7) (8) (9) (10) (11) (12) (13) (14) . Although their concentrations in the circulation are much lower than that of LA, they may have a role in the development of T2D. For example, AA is a precursor of eicosanoids, some of which are proinflammatory (15) .
Previously, in a subset of 895 middle-aged and older men from the Kuopio Ischaemic Heart Disease Risk Factor (KIHD) Study, serum LA concentration was inversely associated with impaired fasting glucose and risk of T2D after a 4-y follow-up (16) . In the current study we extended these analyses and examined the associations of 4 serum n-6 PUFAs, the estimated D5D and D6D activities, and the risk of T2D during a 19-y follow-up in the whole study population of 2189 men. As a secondary analysis we also investigated whether serum zinc concentration may modify the associations between D5D and D6D activities or n-6 PUFAs and risk of T2D. Zinc is an essential cofactor for the desaturase enzymes (17) , and we previously found in the KIHD study that higher serum zinc concentrations were associated with a higher risk of T2D (18) .
METHODS

Study population
The KIHD study was designed to investigate risk factors for cardiovascular disease, atherosclerosis, and related outcomes in a population-based, randomly selected sample of men from eastern Finland (19) . The baseline examinations were carried out from 1984 to 1989. A total of 2682 men who were 42, 48, 54, or 60 y old at baseline (82.9% of those eligible) were recruited in 2 cohorts. The first cohort consisted of 1166 men aged 54 y enrolled from 1984 to 1986, and the second cohort included 1516 men aged 42, 48, 54, or 60 y enrolled from 1986 to 1989. The baseline examinations were followed by a 4-y examination round (1991) (1992) (1993) in which 1038 men from the second cohort (88% of those eligible) participated. At the 11-y examination round (1998) (1999) (2000) (2001) , all men from the second cohort were invited, and 854 men (95% of those eligible) participated. During the 20-y examination round, all eligible participants from the first and second cohorts were invited to the study site. A total of 1241 men (80% of those eligible) participated. The baseline characteristics of the entire study population have been described (19) . The KIHD protocol was approved by the Research Ethics Committee of the University of Kuopio. All subjects gave written informed consent for participation. Participants with T2D (n = 162), impaired fasting glucose (n = 132), or unknown diabetes status (n = 38) at baseline, or who were missing data on serum n-6 PUFAs (n = 138) or serum zinc (n = 23), were excluded, which left 2189 men.
Measurements
Fasting venous blood samples were collected between 0800 and 1000 at the baseline examinations. Subjects were instructed to abstain from ingesting alcohol for 3 d and from smoking and eating for 12 h before giving the sample. Detailed descriptions of the determination of serum lipids and lipoproteins (20) , assessment of medical history and medications (20) , family history of diseases (20) , smoking (20) , alcohol consumption (20) , blood pressure (20) , and physical activity (21) were published earlier.
Physical activity was assessed on the basis of the 12-mo Leisuretime Physical Activity Questionnaire (21) . The most common leisure-time physical activities, including the frequency, average duration, and intensity of each activity, were recorded. The energy expenditure of physical activity was expressed in kcal/d. Alcohol consumption (g/wk) was assessed with a structured quantity-frequency method by using the Nordic Alcohol Consumption Inventory for drinking behavior over the previous 12 mo (22) . A study nurse measured the weight and height of the participants, and BMI was calculated as the ratio of weight in kilograms to the square of height in meters. Resting blood pressure was measured between 0800 and 1000 on the first examination day by one study nurse with a random-zero mercury sphygmomanometer. After a supine rest of 5 min, the measurement protocol included 3 measurements while in a supine position, 1 measurement while standing, and 2 measurements in a sitting position with 5-min intervals. The mean of all 6 systolic blood pressure values was used in the present analyses as the systolic blood pressure and the mean of all 6 diastolic measurements was used as the diastolic blood pressure (20) . The consumption of foods and total energy intake at the study baseline were assessed with a guided 4-d food recording with the use of household measures (23) . Education was assessed in years by using a self-administered questionnaire. Family history of diabetes was defined as positive if a first-degree relative of the subject had a history of diabetes. Smoking habits were also reported, including ever-smoking, current smoking (number of cigarettes, cigars, or pipes smoked per day), and duration of regular smoking. A trained study nurse checked and completed the questionnaires during an interview.
Plasma glucose was measured by using a glucose dehydrogenase method after precipitation of proteins by trichloroacetic acid. The serum samples for insulin determination were stored frozen at 2808C. Serum insulin was determined with a Novo Biolabs radioimmunoassay kit (Novo Nordisk). Insulin resistance and sensitivity and b cell function were estimated by the homeostasis model assessment (HOMA) computer algorithm (24) . Serum C-reactive protein (CRP) was measured with an immunometric assay (Immulite High Sensitivity CRP Assay; Diagnostic Products Corporation).
Serum fatty acids were determined in a gas chromatography run without preseparation, as previously described (16) . Serum fatty acids were extracted with chloroform-methanol. The chloroform phase was evaporated and treated with sodium methoxide, which methylated esterified fatty acids. Quantification was carried out with reference standards purchased from n-Check Prep. Each analyte had an individual reference standard, and the internal standard was eicosane. Fatty acids were chromatographed in an NB-351 capillary column (HNU-Nordion) with the use of a Hewlett-Packard 5890 Series II gas chromatograph (Agilent Technologies) with a flame ionization detector. Results were obtained in micromoles per liter. The CV was 9.6% for LA, 11.7% for GLA, 8.3% for DGLA, and 9.2% for AA. Desaturase enzyme activities were estimated as the ratio of product to precursor and were calculated as the ratio of AA to DGLA for D5D activity and as the ratio of GLA to LA for D6D activity.
Serum zinc concentrations were determined from frozen samples stored at -208C for 1-5 y before analyses. A PerkinElmer 306 atomic absorption spectrophotometer was used for measurements. Seronorm (Nycomed) control serum samples were included in all daily batches (20, 25) .
Diagnostic criteria for T2D
T2D was defined as self-reported, physician-diagnosed T2D and/or fasting plasma glucose $7.0 mmol/L or 2-h YARY ET AL.
oral-glucose-tolerance test plasma glucose $11.1 mmol/L at reexamination rounds 4, 11, and 20 y after baseline and by record linkage to the national hospital discharge registry and to the Social Insurance Institution of Finland register for reimbursement of medicine expenses used for T2D for the entire study period until the end of the follow-up on 31 December 2010. Impaired fasting glucose at baseline was defined by using the WHO criterion of fasting plasma glucose of 6.1-6.9 mmol/L.
Statistical analysis
The univariate relations between serum n-6 PUFAs and D5D and D6D activities with baseline characteristics were assessed by means and linear regression (for continuous variables) or by chi-square tests (for bivariate relations). The average serum n-6 PUFA concentrations and desaturase activities by quartile of serum zinc concentration were estimated by using ANCOVA and linear regression. Cox proportional hazards regression models were used to estimate HRs of incidence of T2D in quartiles of n-6 PUFAs and desaturase activities. The confounders in the analyses were selected on the basis of established risk factors for T2D, previously published associations in the KIHD study, or on associations with exposures or outcomes in the present analysis. Model 1 included age (y) and examination year. Multivariable model 2 was further adjusted for potential confounders, including family history of T2D (yes or no), BMI (kg/m 2 ), smoking (never-smoker; previous smoker; current smoker, ,20 cigarettes/d; or current smoker, $20 cigarettes/d), education (y), leisure-time physical activity (kcal/d), intakes of alcohol (g/wk) and energy (kcal/d), and serum longchain n-3 PUFA concentrations (%). We did not adjust for HOMA indexes, blood glucose, serum insulin, or serum CRP, because those variables can be considered as mediators for the associations between serum PUFAs and risk of T2D. All quantitative variables were entered in the models as continuous variables. Cohort means were used to replace missing values in covariates (,0.5%). Tests of linear trend were conducted by assigning the median values for each category of exposure variable and treating those as a single continuous variable. The increase or reduction in absolute risk was calculated by multiplying the absolute risk in the reference group by the multivariable-adjusted HR increase or reduction in the comparison group. Statistical significance of the interactions on a multiplicative scale was assessed by likelihood ratio tests with the use of a cross-product term. All P values were 2-tailed (a = 0.05). Data were analyzed by using SPSS 21.0 for Windows (IBM Corporation). Table 1 shows the baseline characteristics of study participants according to quartile of serum total n-6 PUFAs. Men with higher serum total n-6 PUFAs were younger, had a higher education, smoked less, and had higher leisure-time physical activity and HOMA-insulin sensitivity score. They also had lower alcohol intakes and lower serum long-chain n-3 PUFA concentrations, BMI, CRP, fasting blood glucose, serum insulin, HOMA-IR, as well as HOMA-b cell function. Baseline characteristics in quartiles of serum LA and AA were generally similar to the quartiles of serum total n-6 PUFAs but the univariate associations of GLA and DGLA with glucose metabolism markers were generally opposite to those of LA and AA (Supplemental Table 1 ). Similar differences were observed with D5D and D6D activities: D5D activity was associated with generally more favorable and D6D activity with less favorable baseline characteristics (Supplemental Table 2 ). 1 n = 2189. Cox proportional hazards regression models were used to obtain HRs and 95% CIs. Model 1 was adjusted for age and examination year; model 2 was adjusted as for model 1 plus family history of T2D (yes or no), smoking (never-smoker; previous smoker; current smoker, ,20 cigarettes/d; or current smoker, $20 cigarettes/d), education years, leisure-time physical activity (kcal/d), BMI (kg/m 2 ), serum long-chain n-3 PUFAs (%), and intakes of alcohol (g/wk) and energy (kcal/d). The analyses with D6-desaturase and D5-desaturase activities were not adjusted for serum long-chain n-3 PUFAs. PY, person-years; Q, quartile; T2D, type 2 diabetes. 2 Calculation of D6-desaturase and D5-desaturase activities: D6 desaturase = g-linolenic acid/linoleic acid and D5 desaturase = arachidonic acid/dihomog-linolenic acid.
RESULTS
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During the mean 6 SD follow-up of 19.3 6 6.5 y, 417 men (19.0%) developed T2D (42,247 person-years). After adjustment for age and examination year, those in the highest compared with the lowest quartile of serum total n-6 PUFAs had a 60% (95% CI: 47%, 70%; P-trend across quartiles , 0.001) lower HR of incident T2D (model 1 in Table 2 ; absolute risk in the reference group: 26.9%; absolute risk reduction in the highest quartile: 16.1%). The association was slightly attenuated after further adjustment for potential confounders but remained highly significant (Table 2 , model 2). When fatty acids were evaluated individually, serum LA and AA had similar inverse associations with the risk of T2D (Table 2) . After multivariable adjustments (Table 2 , model 2), those in the highest compared with the lowest serum LA quartile had a 48% (95% CI: 30%, 61%; P-trend , 0.001) lower HR (absolute risk: 26.1%; absolute risk reduction: 12.5%) and those in the highest compared with the lowest AA quartile had a 38% (95% CI: 15%, 54%; P-trend = 0.007) lower HR (absolute risk: 22.7%; absolute risk reduction: 8.6%) of incident T2D. In contrast, higher serum GLA and DGLA concentrations were associated with a higher risk of T2D. Those in the highest GLA quartile had a 28% (95% CI: 22%, 68%; P-trend = 0.021; absolute risk in the lowest quartile: 18.1%; absolute risk increase: 5.1%) higher multivariate-adjusted HR and those in the highest DGLA quartile had a 38% (95% CI: 4%, 84%; P-trend = 0.005; absolute risk in the lowest quartile: 15.4%; absolute risk increase: 6.0%) higher HR of T2D when compared with the lowest quartile (Table 2, model 2).
After multivariable adjustment, those in the highest compared with the lowest quartile of D6D activity had a 50% (95% CI: 14%, 97%; P-trend , 0.001) higher HR of incident T2D (Table  2 , model 2; absolute risk in the reference group: 16.3%; absolute risk increase in the highest quartile: 8.2%) and those in the highest compared with the lowest quartile of D5D activity had a 45% (95% CI: 26%, 59%; P-trend , 0.001; absolute risk in the lowest quartile: 24.3%, absolute risk reduction: 10.9%) lower HR of incident T2D.
In secondary analyses, a higher serum zinc concentration was associated with lower D5D activity and lower total n-6 PUFA and LA concentrations and with higher D6D activity and higher concentrations of GLA and DGLA at baseline ( Table 3) . When analyses of desaturase activities and n-6 PUFAs with T2D risk were stratified by median serum zinc concentration, serum GLA was associated with a higher risk of T2D only among the men with serum zinc above the median (extreme-quartile HR: 1.63; 95% CI: 1.13, 2.34; P-trend = 0.002, P-interaction = 0.041; absolute risk in the lowest quartile: 18.2%; absolute risk increase: 6.7%). In contrast, although the P-interaction did not reach significance (P = 0.11), an inverse association between AA and T2D risk was observed only among those with lower serum zinc concentrations (HR: 0.45; 95% CI: 0.28, 0.72; P-trend = 0.001; absolute risk in the lowest quartile: 23.5%; absolute risk reduction: 10.6%). The associations with the other n-6 PUFAs or desaturase activities were not appreciably affected by serum zinc concentrations (Table 2 ). In sensitivity analyses we excluded the T2D events that occurred during the
TABLE 3
Mean serum values for n-6 PUFA concentrations and D5-and D6-desaturase activities at baseline according to quartile of serum zinc in men 2 ), serum long-chain n-3 PUFAs (%), and intake of alcohol (g/wk). The analyses with D6-desaturase and D5-desaturase activities were not adjusted for serum long-chain n-3 PUFAs. Q, quartile. 2 Calculation of D6-desaturase and D5-desaturase activities: D6 desaturase = g-linolenic acid/linoleic acid and D5 desaturase = arachidonic acid/dihomog-linolenic acid. first 2 y of follow-up (n = 3) but that had no effect on the associations (data not shown).
DISCUSSION
Our findings showed that concentrations of serum n-6 PUFAs, including LA and AA, were inversely associated with the risk of incident T2D and that higher serum concentrations of GLA and DGLA were associated with a higher risk in middle-aged and older Finnish men. In addition, D6D activity was associated with higher risk and D5D activity with lower risk of incident T2D. We also found that GLA was a risk factor for T2D only among those with higher serum zinc concentrations.
Cell membrane properties, including permeability, flexibility, fluidity, and the activity of membrane-bound enzymes, are affected by the bioavailability of PUFAs (26) . The structural components of cell membranes play an important role in the binding of insulin to its receptors to exert its action (27) . For example, a high concentration of LA in the cell membrane has been shown to increase the number of high-affinity sites with a concomitant decrease of low-affinity sites for insulin (28) . LA has also been inversely associated with insulin resistance (29) and inflammation (30) , both risk factors for T2D. Our results with regard to the inverse association with circulating LA are supported by several previous studies (6) (7) (8) (9) (10) (11) (12) (13) (14) .
AA is a substrate for some proinflammatory metabolites (15); therefore, in theory, a high serum AA concentration could increase the risk of T2D. However, in our study and in another Finnish study (12) , circulating AA was inversely associated with risk, although most other studies did not find this association (9, 10, 13, 14, 31) . In addition to the proinflammatory metabolites, AA is also a precursor to several anti-inflammatory metabolites (15) . Therefore, the associations of AA with disease risk are difficult to predict solely on the basis of its effects on proinflammatory factors. Animal models have also shown that AA may protect pancreatic b cells from chemical-induced cytotoxicity by enhancing the antioxidant status and suppressing production of cytokines, which could preserve insulin production capacity (32, 33) .
We found a higher risk of T2D incidence with higher serum DGLA and GLA concentrations. This is somewhat unexpected, because GLA is the direct precursor of DGLA, which competes with EPA and AA for lipoxygenase and cyclooxygenase and produces potential anti-inflammatory eicosanoids (34) . However, similar direct associations were also observed in other studies (7, 8, 11, 13, 35) , although some studies did not find any association (10, 12, 31) . There is also evidence that DGLA is associated with the development of insulin resistance (36) and inflammation (30) , thereby supporting our findings.
The associations of D6D and D5D activities with the risk of incident T2D have been investigated in previous prospective studies, and the majority of these studies found that high D5D activity was associated with a lower risk and high D6D activity with a higher risk of T2D (5, 37), which supports our findings. Furthermore, the Mendelian randomization approach, which investigated the fatty acid desaturase 1 (FADS1) and fatty acid desaturase 2 (FADS2) genes that encode D5D and D6D, respectively, strongly supported the role of D6D and D5D in the development of T2D (6) . The mechanism underlying the relation between D6D and D5D activities and T2D is largely unknown but may be related to the association of these enzymes with glucose homeostasis and inflammatory markers (38) . For example, a role of D5D activity in the management of insulin sensitivity (12) and insulin resistance (36) has been suggested.
We previously observed in the KIHD study population that a high serum zinc concentration was associated with a higher risk of T2D (18) . Zinc is an essential cofactor for desaturase enzymes (17) , and animal studies have indicated that zinc has an important role in the metabolism of n-6 PUFAs (39). In the current study we found that those with a higher serum zinc concentration had higher D6D activity and higher concentrations of its end product, GLA, and GLA was associated with a higher risk of T2D only among those with higher serum zinc concentrations. In contrast, the activity of D5D was lower and there was no difference in the concentrations of its end product, AA, with higher serum zinc concentrations. However, AA was associated with a significantly lower risk of T2D only among those with lower serum zinc concentrations. These findings suggest that zinc may have a role in determining the impact of n-6 PUFAs on the risk of T2D and may also offer a potential explanation for the association of higher serum zinc concentration with increased risk of T2D in this study population (18) . However, further studies in other populations are required to confirm our observations. Strengths of our study include the use of objective biomarkers, serum fatty acids and zinc, as exposures; the population-based recruitment; prospectively collected data; extensive examinations for potential confounders; long follow-up with a large number of events; and no loss to follow-up. A potential limitation is the use of a single exposure measurement, which may cause random error due to misclassification and therefore underestimates the true associations. In addition, this study included only middleaged and older men, so our findings may not be generalizable to women or younger populations.
In conclusion, in this prospective population-based study, serum LA and AA concentrations and D5D activity were associated with a lower risk of incident T2D and GLA and DGLA concentrations and D6D activity with a higher risk among middle-aged and older men from eastern Finland. In addition, our results suggest that higher serum zinc concentrations may modify the associations of n-6 PUFAs on the risk of T2D. The results indicate that n-6 PUFAs may have a significant impact on the risk of T2D. However, the role of the mainly endogenously produced, minor n-6 PUFAs, GLA and DGLA, needs to be elucidated. Further research is also needed to elucidate how zinc and other factors involved in PUFA metabolism could modify the impact of PUFAs on the risk of T2D and other chronic diseases.
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